The analysis is introduced by a brief account of the development of work on thermal comfort. The observations, which are fully described in relation to the interior climates which were experienced, were made in Singapore in 1949-50. The climate of Singapore is typical of the equator, being warm, damp and windless; and the annual variation is almost negligible. Buildings are unheated, of an open type, and shaded from the sun and sky.
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A multiple regression equation has been derived, giving the thermal effect on a number of subjects of variations in the air temperature, the water vapour pressure, and the air velocity within the ranges experienced. The implications of the equation are discussed, and a climatic index is derived from it which is similar in definition to the widely used " effective temperature ' scale, but shows a better correlation with thermal sensation. The new index is named the Singapore index.
At a further stage the thermal sensation scale is simplified for the purpose of probit analysis. The probit regressions of discomfort due to warmth and cold are separately given in relation to the new index, and are combined to yield a thermal comfort graph from which the optimum is obtained and explored. A comfort chart for the rapid assessment of these humid climates is supplied, and an alternative form of the index equation is given which is more suitable for rapid calculation.
It appears desirable in an equatorial climate to attempt to minimize discomfort by allowing to some extent for individual thermal requirements, and the benefits of a suitable climatic spread within a room are described.
The principal factors governing thermal comfort and discomfort were familiar to the ancients, and Hippocrates (400 B.C.) has left a description of physiological climate in terms of temperature, humidity, wind, and radiation which is still qualitatively valid. However, there remained the triple problem: that of measuring the physical variables with appropriate accuracy, of combining them in a single, manageable, climatic index, and of determining the optimum value of the index for human beings living under specified conditions.
Measurements of the general type required for the solution of this problem began to be made in the seventeenth and eighteenth centuries, but indoor climates, almost as much as opinions about them, were found to be elusive. Under natural conditions climates are not uniform but are variable, and their variability affects comfort. Instruments which are reliable under laboratory conditions are found under natural conditions to be affected by several of the physical variables simultaneously. Human beings are indispensable as subjects, but show marked idiosyncrasy, are semi-permanently affected by the climates to which they are subjected, and themselves often appreciably alter the climate in a room. From the first measurements of the temperature of the ambient air made in Florence and Pekin in the midseventeenth century, to the delineation of a suitable set of apparatus for the measurement of an indoor climate by Bedford in the 1930s was a period commensurate with the large amount of development that was needed.
The familiarity of the problem of warming a room, and the immediate availability of a rough and readytransient, complex, and interrelated. The climatic measurements, which must often be made under difficult conditions without the refinements of the laboratory, need to represent the changing climatic situation with sufficient, but without excessive or irrelevant detail and with a directness and simplicity that will permit the simultaneous use of human beings as subjects. The presence or absence of thermal discomfort, on the other hand, is a matter of opinion which has not so far been related with certainty to any physiological measurement which can be made on the human subject. The opinions of a number of subjects must therefore be elicited, with care to avoid prejudice, and subsequently submitted to statistical treatment.
In such a situation, it is not surprising that several attempts have been made to find a short cut, either by inventing a single instrument which would measure physiological climate directly, or by devising a universal climatic index which would combine the relevant physical factors. An early comfort meter was the Heberden heated thermometer of 1826; others have been the kata thermometer (Hill, 1914) , later used as an anemometer; the globe thermometer (Vernon, 1930) , and the eupatheoscope (Dufton, 1932) . Climatic indices have included effective temperature (Houghten and Yagloglou, 1923) , equivalent warmth (Bedford, 1936) , and resultant temperature (Missenard, 1944) . Indices of physiological stress have also been devised for use under conditions of extreme discomfort, a matter which is not, however, at present under discussion. Bedford, in 1936 , subjected the available instruments and indices to a crucial test, that of estimating the correlation between their respective indications and the comfort votes of British factory workers, according to a scale he had devised, the votes being carefully elicited in a well-designed interview. The test showed that the available indices for interior climate were no improvement on the plain'measurement of the air temperature but the popularity of the established indices seems to have been unaffected. Bedford also obtained a multiple regression equation relating his comfort votes to the physical variables.
The internal climate in a room may be measured adequately and conveniently by means of the simple, self-contained set of apparatus described by Bedford (1946) , which consisted of a dry-and a wet-bulb thermometer mounted in a whirling psychrometer, a kata thermometer, and a globe thermometer. The first named thermometers are ventilated by whirling and their readings give the air temperature unaffected by radiation, and the depression of the wet bulb, from which the humidity may be calculated using psychrometric tables and Regnault's equation. The kata thermometer is a thermometer with a very large bulb which is gently warmed, and from an observation of the time it takes to cool over a specified temperature interval, in air at a known temperature, the rate of air movement can be deduced. The globe thermometer is an ordinary thermometer with its bulb enclosed in a large blackened copper ball. The elevation or depression of the reading of this thermometer relative to that of the ordinary dry-bulb thermometer in air moving at a known rate gives a measure of the flux of radiant heat.
The populations of the tropics are peculiarly subject to thermal discomfort, due basically to the warmth of the climates in which they live but often consisting, for secondary reasons connected with the lightness of their clothing and the meagreness of their diet, of a sensation of cold. This fact, coupled with the prevalence of overcrowding in tropical cities, has long been recognized as constituting, in relation to human happiness and even to health, a problem of some magnitude, one which by 1940 was ripe for solution. It (Bedford, 1946) , with a Casella whirling psychrometer and a small bottle of distilled water; a 100-95°F. plain glass Hicks kata thermometer (also in some cases with a 130-125°F. silvered Hicks kata thermometer) and a stopwatch, a thermos flask, and a small retort stand; a 6-inch diameter globe thermometer and a typed card bearing the thermal sensation scale shown in Table 1 . The observers were asked to record their assessments of their own overall thermal sensation according to the scale, and the subsequent readings of the thermometers and the kata cooling time, at intervals of half an hour for roughly six-hour periods, in their own homes and offices, with as little disturbance as possible to the ordinary daily routine. It was the intention to concentrate on the daily extremes of climate in the early morning and afternoon, and on the known periods of climatic difficulty at the equinoxes.
Readings continued as opportunity offered from May, 1949 , to April, 1950 , the set of apparatus being passed from one subject-observer to another. The distribution of the observations in time is depicted in Figs. I a and lb.
The observers were asked to record any events that might have a thermal significance, such as changes in *The subjects chosen as being fully acclimatized were 14 members of the staff of the Singapore Municipal Health Department and six of the Physics Department of the University of Malaya. There were seven Chinese, seven Eurasians of one quarter, or less, of recent European blood, four Europeans, one Indian, and one Malay. The data analysed are from 14 subjects, of whom five were Chinese, seven Eurasian, one Indian, and one European. Two of the Chinese returned only half the average quantity of data and one Eurasian returned three times that quantity. The proportion of Chinese in the city was about twice that in the sample. Subsequent attempts to detect in these data any connexion between race and discomfort were unsuccessful.
The country of origin of nine of the 14 subjects was Singapore or Malaya, of two China, and of two others India and Europe respectively, that of the remaining subject being unrecorded. In seven of the first-named nine cases, both parents were born in Malaya or a neighbouring country and in one case all the grandparents were also.
All but one of the subjects, the European, had been continuously in Malaya for at least 10 years before making the observations, and several bad spent their whole lives there. The European had had six months' climatic leave ending two years before the observations began. Before that he had been in Singapore continuously for seven years and altogether for 20. clothing, in the weather, the opening or closing of doors, (Bedford, 1948) for the 329 observations made on the 100-95°F. kata thermometer, and Koch and Kaplan's equations (Koch and Kaplan, 1958) for the remainder made on the 130-125°F.
instrument.
The frequency distribution of assessments relative to the thermal sensation scale is shown in Fig. 2 . The bias towards a feeling of warmth will be noticed and the relative absence of extremes, to the extent that, apart from a single vote of eight, only seven of the nine possible assessments were utilized. These features are believed to be due to the slight preponderance of daytime readings and the gap in the observations from September, 1949, to April, 1950 , on the one hand, and to the fact that the indoor climate was to some extent under the control of the subject on the other.
The main features of the basic data may be seen by inspecting the correlation tables of the thermal assessment with the air temperature (Table 2) , with the water vapour pressure (Table 3) , with the air velocity (normalized by extracting the square root) ( of direct correlation of the thermal assessment with the physical variables appear in the second column of Table 6 and show the strong connexion with temperature and water vapour pressure, but only an insignificant correlation with air movement. The partial correlation coefficients, the remaining two variables being held constant in each case, are shown in the third column of Table 6 and indicate very highly significant correlation in all three cases unaffected by the correlation between temperature and air velocity which is noticeable, for instance, in Table 5 . The regression coefficients were next estimated within the batches of observations using an analysis of covariance, i.e., in effect analysing the variation of (C-C) on (t-t), (p-p) and (vi-vi). The estimates which were obtained are given in Table 7 . Consequently the equation implies, and would enable one to construct, a climatic scale combining the three physical variables in proportion to their effects on thermal sensation. The scale might take any convenient form and, for instance, it might be defined somewhat on the lines of " effective temperature" (Yaglou, 1949) , as the temperature of still, saturated air which produces the same overall thermal sensation. If we accept this definition, and suppose that over a sufficient range for the present purpose the saturated water vapour pressure may be represented by the expression 
We may eliminate C between equations (i) and variables. The residual variance of C is noticeably reduced if, after the effect of temperature has been removed, the effects of vapour pressure and air velocity are subsequently allowed for (Table 8 ).
Fisher's z test (Fisher, 1954) shows the improvement to be highly significant. The reduced residual variability presumably contains contributions from variations in clothing and in thermal idiosyncrasy, and also from errors in measurement and it is not to be expected that any consideration of climatic factors will suffice to reduce it to a very low value.
The improvement which has been achieved is not only statistically significant, it is a very useful one in comparison with the improvements previously obtained. For instance, the widely used effective temperature scale failed to give any improvement on temperature when tested by Bedford (1936) , by means of the correlation coefficient. The coefficient between the sensation of coolness and the dry-bulb air temperature was -0-48 ± 0-010 and that between coolness and the effective temperature was precisely the same. Ho (1952) (1953a, 1953b, 1955) and Bedford (1954) , it is clear that a thermal sensation scale may, with convenience and some logical advantage, be treated not as a numerical scale but as one involving degrees of approach to a quantal response of thermal discomfort. In this sense votes on the scale in Table 1 would be considered to lie in one of two categories. The first category would indicate the absence of discomfort due to warmth, and would include votes 0 (excessively cold) to 5 (comfortably warm); while the second category would indicate the presence of warmth discomfort and include votes 6 (warm) to 8 (excessively hot). The incidence of the discomfort response would be appropriately analysed by the probit method (Finney, 1947) .
The incidence of discomfort due to cold could in This procedure has been adopted, and the probit regression lines have been determined for the incidence of discomfort due to warmth and cold separately, relative to the Singapore index. Data for the incidence of discomfort due to warmth are given in Table 10 and the probit regression line and its 95 % fiducial band are illustrated in Fig. 4 .
Similar data for the response of discomfort due to cold are given in Table 11 and Fig. 5 . Disregarding the sign, the values of the slope are not significantly different. They indicate a similar variability in the population in its response to heat and to cold. The values of x2 indicate the presence of a small amount of heterogeneity, which is taken into account in estimating precision.
In order to determine the total incidence of thermal discomfort due to both causes the calculated probits were converted to percentages (Fig. 6 ) and added. Subtracting the total from 100 the resulting comfort graph is shown in Fig. 7 , where the empirical percentages of subjects casting votes 3 to 5 (indicating the absence of any thermal discomfort) have been plotted for verification.
The Climatic Optimum From the graph in Fig. 7 we see that the maximum percentage of subjects who are comfortable at any value of the Singapore index is 68% at 78.70 F. The precision of the estimate of the optimum climate is indicated by the fiducial limits in Figs. 3 and 4, giving 95 % limits of about ± 1-5°F. and + 15 % respectively*. For smallish deviations from the optimum value of the reduction in the percentage of subjects comfortable is 3 (i 8)2.
As may be seen the comfort graph, not unexpectedly, differs in shape from those obtained in cooler climates. The optimum naturally occurs at a markedly higher temperature, but also the peak is sharper and very much lower. The latter properties could be explained in terms of the lightness of clothing which is appropriate in low latitudes. For any given value of the Singapore index, including the optimum value, there is a range of interconnected values of the air temperature, the humidity, and the air velocity. From equation (v) we have, for the water vapour pressure at the climatic optimum p = e + 0 opt (a + bf)]_ at/b -cv/b = 1176 -1175 t + 047v1 (vi) The given climate can be defined on the t, p plane by a set of parallel lines representing various constant values of the air velocity, and the optimum *In connexion with the estimate of precision it is desirable to consider briefly the way in which the separate batches of data are distributed in Table 9 , since there is an assumption implicit in probit analysis that subjects, e.g., insects in a toxicity test, are used only once: or at least that the information from each subject has an equal weight, and has been derived under the same uniformly applied range of test conditions. The latter stipulation especially would be difficult to satisfy under field conditions, and in the present case neither was precisely satisfied. The facts are as follows:
The average number of assessments per observer was 28' 1, and iTout of the 14 observers made between 25 and 31 assessments.
Of the remainder, three made 15 or 16 assessments; and one made 55 assessments in one building, and 15 or 16 in each of two others, giving a total of 86 assessments. The last-mentioned observer experienced a full range of climatic variation and appeared to have no marked idiosyncrasy; but the others were subjected to a more restricted range of variation, especially the three who made daytime observations only.
Turning to the probit regression lines, there is good evidence that their slope is correct, since they are members of a family of parallel lines derivable from Table 9 . The median value of the Singapore index for the occurrence of discomfort due to warmth is based, in effect, on the observations of seven or eight individuals and so is unlikely to be seriously affected by the idiosyncrasies of any of them The median for discomfort due to cold is, however, less well based, as it comes from only four observers. The value does receive some outside support from symmetry and from the height of the maximum, and is at least uncontradicted by the empirical percentages. In the opinion of the writer it is of value at least temporarily.
The usable information previously quoted, viz., the optimum value of the Singapore index. the maximum percentage of subjects comfortable, and the reduction in the percentage due to a departure from the optimum, are supported by the empirical data and it does not seem probable that the stated precision, contingent on the assumption mentioned, is a serious overestimate. climate is depicted in this way in Fig. 7 Fig. 9 , and a scale of is marked above the saturated vapour line.
The value of now needs to be corrected for the effect of air movement, and this may be done by means of the adjacent scale of air velocity. With the final value of 8 so obtained, the percentage of subjects who are thermally comfortable may be read from the attached comfort graph. The chart may be used (1) to assign a value of the Singapore index to a given climate, and (2) to determine the modifications necessary to achieve the optimum.
The Effect of Climatic Spread Even under the optimum climatic conditions nearly a third of the subjects investigated were thermally uncomfortable. However, this high proportion of discomfort might be expected to be avoidable under ordinary living conditions since the climate in a room is rarely uniform, and the occupants are usually free to move to the places they consider most comfortable. In this way the natural spread of climate round the optimum makes it possible to satisfy individual requirements, and is beneficial. The optimum value of the Singapore index was 78-7 ± 1' F., when 68 ± 8% of the subjects were thermally comfortable. For smallish deviations AG from the optimum the reduction in the percentage of subjects comfortable was 3 ( 9O)2. Within the optimum any two of the above-mentioned physical variables may vary independently, in accordance with the equation p = 117-6-1-175t + 0-47vi. If it is assumed that the ideal air velocity indoors is 40 feet per minute and the ideal relative humidity 70%, then the air temperature at which discomfort would be a minimum is 840 F., under the conditions described.
A spread of climate in a single room of about 20 F. on the Singapore index on each side of the optimum makes it possible to reduce the percentage of subjects who are thermally uncomfortable to 5.
